Introduction
Metal-Organic Frameworks or MOFs are still considered as being a hot research topic in material chemistry 1 as illustrated through their highly porous hybrid character built from inorganic units and organic polycomplexing linkers. Their easily tuneable structure, composition and porosity allow careful switching of their physico-chemical properties. This huge chemical and structural versatility makes them promising candidates for main relevant applications such as gas storage, separation, heat transformation, catalysis and sensing, among others.
1,2
Recently, their use in biomedicine has been proposed, 3 including contrast agents for imaging techniques 4 and the encapsulation for controlled delivery of molecules, such as drugs, 5 cosmetics 6 and biologically active gases (NO, H 2 S, etc.).
7
The control of MOF particle size in the nanometric range 8 has paved the way for their use in nanotechnology. 9 It is noteworthy that nanoscale non-toxic porous iron(III)-based MOFs with engineered cores and surfaces have been proposed as nanocarriers for the controlled delivery of antitumoral and anti-HIV drugs, with additional imaging properties. 9b,10 Also, they enable the progressive release of the drug into the cells. However, prior to any bioapplication of MOF nanoparticles (NPs), their toxicity has to be established.
11 Until now, the available toxicity information remains very scarce, mostly related either to the inorganic and organic precursors or in vitro cytotoxicity studies. 12 For instance, Liu and co-workers have reported values of the half maximal inhibitory concentration (IC 50 ) of 46 mg mL À1 for the silica-coated MIL-101_NH 2 -Br-BODIPY NPs on human colon adenocarcinoma cells (HT-29).
13
However, both the uorophore moiety and the silica coating of these NPs might also inuence their cytotoxicity. 10 Additionally, the in vitro toxicity of lanthanide-based MOFs 14 was carried out in human colon adenocarninoma (HT-29) and in acute lymphoblastic leukaemia human cells, showing important cytotoxicity values (IC 50 $ 10 and 15 mg mL
À1
, respectively) due a priori to the linkers' antitumoral own activity.
Finally, the only reported in vivo studies so far concern the intravenous injection of high doses (up to 220 mg kg À1 ) of three porous iron(III) carboxylate NPs based on different organic linkers. All the studied parameters (serum, enzymatic, histological, etc.) evidenced a lack of severe acute and subacute (150 mg kg À1 for four consecutive days) toxicity. NPs were rapidly captured by the liver and spleen and then, degraded into their constitutive components (iron and carboxylate ligand), allowing the direct removal in around 15 days of iron and exogenous linkers by the urine and faeces without any 9b, 15 Note that biodistribution and elimination kinetics might depend on the MOF nature. Thus, despite these encouraging results, further studies must be performed on different MOF structures paying special attention to their longterm toxicity.
Therefore, we propose here the investigation of the cytotoxicity of a series of benchmarked MOF NPs, using two different cell lines, in order to evaluate the inuence of their topology, composition, biological stability, particle size and surface charge with regard to their cell toxicity. 20 and nally (v) the cubic architecture ZIF-8 (ZIF-8: Zeolitic Imidazolate Framework) based on a microporous zinc 2-methyl-imidazolate.
21
The present work aims to: (i) evaluate the cytotoxicity of MOFs in the human cervical cancer cell line (HeLa) and in the mouse macrophage cell line (J774) by the MTT assay 22 and (ii) study the cellular uptake of MIL-100(Fe) using the same cells, taking into account its exceptional drug loadings and controlled releases. 6,9b,23 HeLa cells were chosen due to possible dermal applications of MOFs containing cosmetic agents 6, 24 and J774 for being a cell line of choice for cellular uptake studies. 20 and MIL-88B_2CF 3 20 were prepared as previously reported. Nanometric MIL-127, UiO-66, MIL-88B, MIL-88B_NH 2 and MIL-88B_NO 2 were synthesised by different methods (round bottom ask or microwave assisted hydro/solvothermal route; see ESI †). Microwave-assisted syntheses were done using a MARS-CEM® microwave (USA).
Experimental section
For uorophore ((R)-(À)-4-(3-aminopyrrolidino)-7-nitrobenzofurazan, furazan) encapsulation, 1 mg of the dehydrated MIL-100(Fe) microparticles (MPs) or NPs (100 C overnight) was suspended into 200 mL of a 32 mg mL À1 furazan aqueous solution under rotational stirring for 2 h at room temperature (RT).
The particles were later recovered by centrifugation (15 000g/15 min) and washed with deionised water.
Material characterisation
X-ray powder diffraction (XRPD) patterns were collected using a SIEMENS D5000 diffractometer (Siemens, Germany) (q-2q) For the experimentally estimated log P, 1 mg of each linker was added to 1 mL of water and 1 mL of n-octanol and maintained at 37 C under rotational stirring overnight. Then, both fractions were separated by centrifugation (8000g/15 min) and the amount of each linker in each fraction was measured using an Agilent 8453 Ultraviolet Spectrophotometer (Agilent Technologies, USA). Finally, for furazan delivery studies, 5 mg of furazan-graed MIL-100(Fe) NPs were suspended in 1 mL of RPMI cell culture medium under stirring at 37 C to simulate in vitro conditions.
Aliquots of 20 mL were collected every 30 min and the amount of delivered furazan was quantied by uorescence spectroscopy using a Cary® UV-VIS-NIR Spectrophotometer (Varian, USA) at l em and l ex of 535 and 500 nm, respectively.
Cell culture and cytotoxicity assays
The J774 cell line (ATCC TIB-67) was maintained in RPMI 1640 medium supplemented with glutamax®, 10% of heat-inactivated foetal bovine serum and 1% of antibiotic antimycotic solution. HeLa cells (ATCC CCL-2) were cultured in DMEM medium supplemented with 1% of L-glutamine, 10% of heatinactivated foetal bovine serum and 1% of antibiotic antimycotic solution. Both cell lines were grown at 37 C in a humidied 5% CO 2 atmosphere and passaged twice a week (at 80% of conuence) at a density of 5 Â 10 4 cells per cm 2 .
The cytotoxic activity of the NPs and their constitutive linkers was analysed by the MTT assay, 22 the amount of linker being tested with the molar equivalent of its amount in the NP. 24 h prior to the assay, the cells were seeded in 96-well plates at a density of 1 Â 10 4 cells per well. The treatments (MOF NPs and linkers) were prepared at a 10-fold higher concentration (due to a direct 1/10 direct dilution in the well, as 20 mL of treatments were added to a nal volume of 200 mL per well). They were solubilised (in the case of the linkers) or dispersed (in the case of the MOF NPs) in cell culture medium containing 0.5% DMSO. Then they were added to the cells at different concentrations (until a nal concentration of 2.5 mg mL À1 ) and kept 24 h at 37 C with a 5% CO 2 atmosphere. The cytotoxicity was determined aer 24 h by adding the MTT reactant (0.5 mg mL
À1
in PBS, incubation at 37 C during 2 h) followed by 200 mL of DMSO to each well. The plates were read at l ¼ 540 nm. Finally, it was determined that a DMSO concentration of 0.5%, corresponding to the maximum amount added to homogenise the treatments, was not toxic.
26 Also, the cell culture medium pH was measured before and aer each MTT assay, the pH variations being minimal (see ESI †). 
Cellular penetration assays: confocal microscopy

Results and discussion
Synthesis and characterisation of MOFs
Fourteen types of MOF NPs (Table 1) with different structures and compositions have been successfully synthesised, as rst conrmed by XRPD, which shows the characteristic Bragg peaks of the bulk MOFs with broadness, in agreement with the smaller crystal size (Fig. S1 †) . It is noteworthy that some synthesis routes were slightly modied in order to obtain high yields (>70%) of small and well monodispersed NPs (Table 1) . This is the case for the MIL-88B_NH 2 and MIL-88B_NO 2 solids, previously obtained as MPs by the solvothermal route. 20 However, this required the use of toxic solvents such as N,N 0 -dimethylformamide or methanol (i.e. MIL-127, MIL-101_2CH 3 , UiO-66, MIL-88B, MIL-88B_CH 3 , _2CH 3 and _4CH 3 ). Thus, before studying the in vitro toxicity of the NPs, purication and/or activation steps (see ESI †) were carried out to avoid the presence of remaining traces of the toxic solvent. TGA and FTIR spectra both conrmed the absence of any impurities (residual organic linkers or solvents) in the nal products (Table S1 and Fig. S2 †) . Moreover, except for the exible porous MIL-88 type solids, which showed no accessible porosity in their dehydrated (closed) form, the permanent porosity of rigid MOF NPs was evaluated by nitrogen adsorption at 77 K, leading to results close to those of the bulk materials (Table S2 †) .
16-18,21
Concerning the resulting particle sizes, most NPs exhibited mean diameters close to 100 nm associated with low polydispersity indices (PDI < 0.2) ( Table 1 ). In contrast, MIL-127 NPs presented a higher particle size (476 AE 82 nm) with a high PDI as a consequence of an important aggregation process in solution. Similarly, ZIF-8 and UiO-66 NPs exhibited larger dimensions in solution (DLS) than in their dry state (TEM) ($60 and 30 vs. 100 and 90 nm, respectively), due to an aggregation effect, as also evidenced by TEM (Fig. 1) . Indeed, TEM images showed rather small and monodispersed NPs bearing different morphologies. Well-faceted crystals with a more or less elongated hexagonal morphology or octahedralcubic shape were observed for the MIL-88 solids or MIL-100/101/127 NPs, respectively, whereas ZIF-8 and UiO-66 NPs disclosed a spherical morphology associated with an important aggregation.
Along with particle sizes in the same range, all MOF NPs exhibited negative surface charges in PBS, the most negative being the hydrophobic solids MIL-88B_2CF 3 and MIL-88B_4CH 3 (À53.2 AE 7.3 and À41.3 AE 0.6 mV). Interestingly, analysis of the (CH 3 ) n functionalised MIL-88B NPs suggests that the increase in the number of methyl groups per spacer leads to more negatively charged particles (À22.8 AE 2.2, À26.0 AE 0.4 and À41.3 AE 0.6 mV for n ¼ 2, 3 and 4, respectively). In addition, the zeta potential has also been determined in DMEM cell culture media + 10% fetal bovine serum (FBS; see Table S3 †), evidencing less negative surface charges. These less negative values, in agreement with the zeta potential value obtained for the medium without MOFs (À8.32 AE 0.25 mV), indicate the adsorption of proteins present in the medium and might permit the interaction between and the NPs and the cell membrane.
With the aim to visualise the NPs inside the cells and further study their interactions with cells, a uorophore was associated with the MIL-100(Fe) NPs. Furazan was selected since: (i) it possesses functional groups (amino, nitro and heterocyclic heteroatoms), which are a priori able to strongly interact with the coordinatively unsaturated metal sites (CUS) of MIL-100(Fe) NPs, preventing the leaching during the in vitro tests; (ii) it bears small dimensions (5.5 Â 10.6 Â 3.7Å) allowing furazan to be trapped within the pores (windows size $8.6 and $4.7 Â 5.7Å); (iii) its high aqueous solubility (3.14 mg mL À1 ) and (iv) its easy and sensible detection and quantication. First, furazan ( Fig. 2A) was loaded into the MIL-100(Fe) MPs crystals ($1-5 mm) to allow its localization within the particles. A simple impregnation of the MPs within a furazan aqueous solution (see the Experimental section) was carried out to ensure its homogeneous distribution within the pores, as evidenced by confocal microscopy (Fig. 2C) . Then, MIL-100(Fe) NPs were similarly functionalised achieving a furazan graing of around 11.4% wt, as conrmed by uorescence spectroscopy. Although the microscopy resolution did not allow distinguishing the location of the furazan within the NPs, it can be considered that the uorophore was homogeneously distributed within the pores, similar to the MPs.
Finally, the stability of the graing was evaluated by incubating the furazan-loaded MIL-100(Fe) NPs in cell culture media. The released furazan was quantied by uorescence spectroscopy (Fig. 2B ). Furazan showed a slow delivery from the NPs, with less than 5 and 15% of the graed furazan (0.02 and 0.06 mg per 100 mg of dehydrated MIL-100(Fe) NPs) released aer the rst 2 and 7 h, respectively. Consequently, the stability of the loaded furazan within the NPs is high enough to follow the cellular penetration of the furazan-graed MIL-100(Fe) NPs within different cell lines.
Cytotoxicity evaluation
The high chemical and/or structural versatility (metal, organic linker, and structure of the MOFs) introduces many factors that shall impact the resulting cytotoxicity. Furthermore, cytotoxicity was studied using HeLa and J774 cells (Table 1) , nding a cell type specic response to the treatments, which was attributed to the different phagocytic characteristics of the used lines, as will be further considered.
Effect of the topology. Interestingly, the cytotoxicity of polymorphs (identical composition but different crystalline structures) such as the iron amino-terephthalates MIL-88B_NH 2 ) and nally the less toxic Fe-based MOF NPs (Table 1) . Both Zn and Fe are related to important biological functions, 27 and are present in the body in relatively signicant amounts ($4 g). 28 Although Zn is an endogenous element, it is well-known to induce considerable cellular toxicity, as a consequence of its capacity to compete with Fe and Ca ion channels, modifying their metabolism and therefore, leading to cellular damage. 34 It is noteworthy that redox active metals and ROS pathways alter the plasma membrane potential, provoking changes in the gene expression 35 and cell cycle regulation, 36 nalising with cellular death or apoptosis. Additionally, the formation of ROS could also be the consequence of the membrane lipid peroxidation by NPs, inducing cell damage. 37 Finally, the intense Fe traffic in mitochondria, enabling the synthesis of heme and Fe-S clusters involved in the cellular respiration, could be also affected by an iron overload.
38 Therefore, the Fe sensibility of each cell type, the same as their capability to avoid the trigger of these mechanisms and their consequent cell damage, will dene which cell type will be the most affected. Despite Effect of the organic linker. The inuence of the organic constitutive linker has been mainly evaluated using isostructural Fe-based MOFs bearing various functionalised terephthalate linkers (BDC_X; Table 1) .
One shall keep here in mind that during their degradation process at pH 7.4 and in the presence of phosphate groups, the linkers might be progressively replaced by oxo or hydroxo groups and/or phosphates and released into the media as polycarboxylate anions (pK a $ 3-5). Degradation studies, performed on DMEM medium + 10% FBS by elemental analysis, showed however that except for the MIL-101_2CH 3 and MIL-88B_2CH 3 , the rest of the NPs did not exhibit a signicant degradation aer 24 h, which could be related to a protective effect of the proteins adsorbed on the MOF outer surface. For MIL-101_2CH 3 and MIL-88B_2CH 3 NPs, a partial degradation was observed corresponding to 18.3 AE 1.6 and 11.1 AE 7.1%, respectively.
Comparing the IC 50 values in J774 cells, the values were in agreement with the cytotoxicity for some ligands, supporting that the cytotoxicity of MOF NPs was on the whole related to one of their constitutive organic linkers. Nonetheless, this prole was not followed for the BDC_CH 3 , BDC_2CH 3 and BDC_NH 2 MOF materials. Here again, this might be due to the internalisation of nanoparticles by endocytosis whereas linker molecules could follow other cell penetration pathways.
Upon analysing the results in HeLa cells, it can be pointed out that in general, linkers are "safe" considering their IC 50 values above 1.00 mg mL À1 , except for BDC_NH 2 , Tazb and BDC with nevertheless high IC 50 values ranging between 0.60 and 0.80 mg mL À1 . However, this cytotoxicity prole cannot be observed for the fumarate linker, as it is the most toxic one (IC 50 ¼ 0.03 mg mL À1 ), comparable with our cytotoxicity value using the J774 cells (IC 50 ¼ 0.40 mg mL À1 ), which clearly differs from our in vivo data. 9b,15 MIL-88A NPs showed a low IC 50 , comparable with currently other available nanoparticulate systems. 44 However, our cytotoxicity values here are unexpectedly high, when taking into account the endogenous character of fumarate, and the absence of any in vivo toxicity for the MIL-88A NPs. Moreover, our previous in vivo toxicity studies evidenced the lack of toxicity of MIL-88A, MIL-100 and MIL-88B_4CH 3 NPs, built from linkers exhibiting different polarities. Aer the intravenous administration of high doses of these MOFs, a fast Fe removal and a dependent excretion rate of the ligands, following their hydrophobic-hydrophilic character, were observed.
9b,15 Hydrophobic BDC_4CH 3 was slowly removed, due to its association with lipid droplets into macrophages (liver and spleen), whereas the hydrophilic BTC linker was fast excreted in urine due to its high polarity. Interestingly, hydrophilic fumarate was not removed since this endogenous molecule can be reused in the Krebs cycle.
In our study, the hydrophobic-hydrophilic balance (log P) of the constitutive organic linker can be related to the MOF NP cytotoxicity. Indeed, with the exception of MIL-88A NPs, a roughly linear tendency between the partition coefficients (experimentally estimated log P) and cytotoxicity expressed in IC 50 values can be deduced (Fig. 3) . However, this non-perfect correlation means that the hydrophobic-hydrophilic balance is not the only parameter ruling the cytotoxicity of MOF NPs.
The hydrophilic MIL-100(Fe) NPs showed an almost absence of cytotoxicity with IC 50 values of 0.70 mg mL Furthermore, even though these values correspond to a relatively higher cytotoxicity when compared to other Fe-based MOF NPs, the absence of a signicant in vivo toxicity indicates that the in vitro toxicity does not necessarily involve a severe toxicity in a complete organism, possessing specic clearance systems, specialised on the removal of exogenous compounds. Finally, the cytotoxicity values of polar functionalised MOF NPs (MIL-101_NH 2 and MIL-88B_NH 2 ) on HeLa cells were higher than those of the apolar dimethyl-functionalised MOF NPs. Interestingly, the IC 50 values obtained in HeLa cells were dramatically higher (>1 mg mL
À1
) than those corresponding to J774 cells (<0.7 mg mL À1 ). These differences could be explained by the intrinsic properties of the two cell lines. First, the unregulated cell growth characteristics of cancer cells 45 might lead to a higher resistance to external agents. 46 Secondly, cytotoxicity might also be related to the cell internalisation capacity of the particles, being higher in specialised cells, such as macrophages.
Cell penetration studies
In light of the cytotoxicity ndings, MIL-100(Fe) was chosen to deepen cell penetration studies. This MOF was selected due to its green synthesis, low toxicity prole and excellent performance on drug encapsulation and release, 9b being therefore a good candidate as a future drug nanocarrier.
In order to investigate its cellular internalisation in J774 macrophages and epithelial HeLa cells, confocal microscopy images of the cells treated with uorescent MIL-100(Fe) NPs were taken at different times. As seen in Fig. 4 , the kinetics of uptake was different for the different studied cell lines, being faster in the case of J774 cells that showed a high uorescence at early incubation times (30 min), than for HeLa cells, in which uorescence appears more progressively. This variability of uptake kinetics for the same particle has also been reported by other authors and was attributed to their different phagocytic activities.
47
Although there are no comparable results with MOFs in cellular penetration, the cellular uptake of iron oxides such as SPIONs in macrophages has been deeply studied. Hsiao et al. analysed the morphological and physiological changes in murine macrophages when adding Ferucarbotran (Resovist®) to cells, demonstrating particle accumulation in the membranebound organelles.
40b Also, the PEG coating of SPIONs provides more positively charged surface particles, reducing the cellular uptake. However, due to the antifouling properties of PEG,
39
PEGylated SPIONs exhibit a lower cellular uptake by macrophages.
48
In our case, images taken at different incubation times (t ¼ 30 min, 1 h and 8 h) showed a rapid and easy internalisation of the hybrid NPs inside J774 cells. Interestingly, uorescence was detected in J774 cells immediately aer their contact with the NPs, and remained during the 24 h of the study (not shown). Also, no signicant differences in cell internalisation were observed when comparing 30 min and 1 h of incubation with the MOF, as also observed by Lunov et al. aer 30 min and 6 h of incubation of macrophages with SPIONs. 40a Besides, internalised NPs were localised in cytoplasmatic organelles, such as lysosomes, where they remained up to 24 h. 40a Further investigations by the same group indicated that lysosomal enzymes might degrade the dextran coating and the exposed redox-active Fe 3 O 4 would catalyse the generation of ROS, nal-ising with cellular damage. In contrast, aer 30 min and 1 h of incubation with the MIL-100(Fe) NPs, almost no uorescence was observed in HeLa cells. However, despite that HeLa cells are not specialised in phagocytosis, an intense uorescence was observed aer 8 h of incubation that lasted at least for 24 h (data not shown).
Moreover, the polarity of furazan was also an important feature since this could modify its cell penetration as a free moiety. Furazan showed a quite hydrophilic polar structure meaning that cell permeation of this uorophore was reduced in a lipophilic membrane. As observed in Fig. 4 , both controls showed no free uorophore inside, the entry of the uorophore into the cells being possible only through encapsulation within the pores of MIL-100(Fe). Also, although there is a furazan release from MIL-100(Fe) NPs, the remaining amount aer 8 h is still signicant enough for good localisation of the particles and study of their cellular uptake, as shown in Fig. 2 .
To further determine whether these NPs were internalised into the cells, confocal microscopy images were taken at different depths of the Z-axis. As can be seen in Fig. 5 , aer 8 h of incubation of the NPs with the cells, green uorescence was observed at different levels, corroborating that NPs were internalised by the cells and not only externally adsorbed at the cell membrane. Finally, it can be suggested that the higher cytotoxicity of the NPs observed in J774 cells compared to that of HeLa cells is probably related to (i) their faster internalisation in J774 and therefore (ii) the larger residence time of the NPs inside these cells and (iii) metabolic pathways that take place in different parts of the cell. It is important to consider that, if exogenous materials remain for a longer time inside the cells, the possibility to create cell damage increases. As NPs remain longer in J774 than in HeLa cells, it is expected that the NPs will be more toxic in J774 cells.
Conclusions
A series of 14 MOFs were successfully synthesised at the nanoscale and fully characterised, exhibiting a crystalline structure and porosity comparable with their respective bulk materials.
The cytotoxicity of these MOF NPs was evaluated by the MTT assay using two cell lines (J774 and HeLa), indicating low toxicity values similar to those of other currently commercialised nanometric systems. Indeed, cytotoxicity was observed to strongly depend on the MOF composition such as: (i) the nature of the metal, being less toxic for the Fe-based MOFs, compared with the Zr-or Zn-MOF NPs and (ii) the constitutive organic linker, the hydrophobic-hydrophilic balance being an important parameter.
In addition, the higher cytotoxicity observed in J774 cells compared to HeLa cells was mainly attributed to the faster internalisation of NPs in the macrophage line. Moreover, the stable uorophore graing within MIL-100(Fe) NPs allowed evaluation of the cell uptake by confocal uorescence microscopy, indicating an immediate cell internalisation in J774 mouse macrophages, faster than in epithelial HeLa cell lines, in agreement with their different phagocytic activities.
